Transient asymmetric Nodal signaling in the left lateral plate mesoderm (L LPM) during tailbud/early somitogenesis stages is associated in all vertebrates examined with the development of stereotypical left-right (L-R) organ asymmetry. In Xenopus, asymmetric expression of Nodal-related 1 (Xnr1) begins in the posterior L LPM shortly after the initiation of bilateral perinotochordal expression in the posterior tailbud. The L LPM expression domain rapidly shifts forward to cover much of the flank of the embryo before being progressively downregulated, also in a posterior-to-anterior direction. The mechanisms underlying the initiation and propagation of Nodal/Xnr1 expression in the L LPM, and its transient nature, are not well understood. Removing the posterior tailbud domain prevents Xnr1 expression in the L LPM, consistent with the idea that normal embryos respond to a posteriorly derived asymmetrically acting positive inductive signal. The forward propagation of asymmetric Xnr1 expression occurs LPM-autonomously via planar tissue communication. The shifting is prevented by Nodal signaling inhibitors, implicating an underlying requirement for Xnr1-to-Xnr1 induction.
Introduction
Vertebrates exhibit conserved anatomical left-right (L-R) asymmetry in, for example, the placement and anatomy of the cardiovascular system, visceral organs, and the number of lung lobes. In some species, such as zebrafish, L-R asymmetry is also apparent in the brain. The developmental mechanism by which L-R asymmetry is initiated, and the degree to which it is conserved between species, remains unknown (Burdine and Schier, 2000; Capdevila et al., 2000; Levin, 2005) . Although a number of signaling molecules, including Shh, BMP, FGF, RA, and Notch, have been implicated in some vertebrates in the stage-setting phase of asymmetry establishment, there is currently no unifying "L-R specification model" that applies well to all species (Burdine and Schier, 2000; Capdevila et al., 2000; Whitman and Mercola, 2001) . Despite the possible divergence in early mechanisms, however, they culminate in all species examined so far in the transient asymmetric LPM expression of a "L-side gene cassette": Nodal, Lefty, and Pitx2. Such asymmetric expression may precede vertebrate evolution, as it is observed in ascidians and amphioxus (Boorman and Shimeld, 2002; Chea et al., 2005; Hudson and Yasuo, 2005; Morokuma et al., 2002; Yu et al., 2002) , even if "L-sidedness" seems to be carried in a different germ layer. It is plausible that this gene cassette's role in L-R asymmetry arose by redirecting a primitive role in specifying the oral-aboral axis, as in sea urchins (Chea et al., 2005; Duboc et al., 2005) .
Gain-of-function experiments show that Nodal has asymmetry-instructive effects, and genetic loss-of-function experiments indicate its essential nature (Brennan et al., 2002; Capdevila et al., 2000; Cheng et al., 2000; Levin et al., 1997; Lowe et al., 2001; Saijoh et al., 2003; Sampath et al., 1997; Shiratori et al., 2001; Vincent et al., 2004) . Asymmetric Nodal signaling directly induces Lefty and Pitx2 expression, which encode an antagonist and effector of L-R asymmetric signaling, respectively (Cheng et al., 2000; Juan and Hamada, 2001; Logan et al., 1998; Meno et al., 1998 Meno et al., , 1999 Meno et al., , 2001 Ryan et al., 1998; Yoshioka et al., 1998) .
Probably because of its highly dynamic expression pattern, combined with the substantial tissue movement and rapid posteriorward node regression seen in some vertebrate embryos during early somitogenesis, there have been no concerted studies in mouse, chicken or zebrafish of the spatiotemporal pattern of Nodal expression in the LPM relative to anatomical landmarks, although a general anteriorward shifting of expression was reported in mice (e.g., Lowe et al., 1996) . Fundamental gaps in our understanding therefore include how Nodal signaling in the L LPM is initiated and spatiotemporally regulated along the A-P axis as an instructor of asymmetric morphogenesis to the various organ primordia, and how the underlying molecular mechanisms are coordinated across the embryo to ensure an integrated morphogenetic process.
In all species, the mechanism initiating Nodal expression in the L LPM is poorly defined. In experiments in Xenopus, both the L and R LPM expressed Xnr1 when explanted away from axial midline tissues (Lohr et al., 1997) . The addition of notochord to these explants suppressed expression (Lohr et al., 1998) , which led to the proposal that LPM expresses Xnr1 by default, and that midline-derived tissues actively repress Rsided Xnr1 expression (Lohr et al., 1997 (Lohr et al., , 1998 . However, Levin and Mercola (1998) showed that midline/node-type tissue could be formed in the "LPM-alone" explants, and suggested that positive-acting signals caused Xnr1 expression in both L and R LPM explants. The inference from these studies was that inductive signals are normally deployed specifically leftward in whole embryos, consistent with results from manipulating chicken embryos (Levin, 2005) . In the mouse embryo, it has been suggested that Nodal itself is the node-derived positive inducing factor that travels to the L LPM to initiate Nodal expression (Yan et al., 1999; Lowe et al., 2001; Brennan et al., 2002; Saijoh et al., 2003) . In support of this hypothesis, Nodal can exhibit long-range movement (Chen and Schier, 2001; Sakuma et al., 2002; Williams et al., 2004) .
The ability of Nodal to autoinduce its expression in LPM may differ across species. In chicken embryos, Nodal-expressing cell pellets did not induce Nodal expression (Levin and Mercola, 1998) . More recent studies, however, in early somitogenesis stage mouse embryos showed that Nodal-expressing tissue grafts, or electroporated expression vectors, did induce LPM expression of Nodal (Yamamoto et al., 2003) . While the response to Xnr1 itself has not been demonstrated previously in Xenopus embryos, there is evidence that other TGFβ-related factors, which likely mimic Xnr1 to some degree, can induce Xnr1 expression when introduced into the LPM (Mogi et al., 2003; Toyoizumi et al., 2000 Toyoizumi et al., , 2005 . There is, however, no current evidence that these factors are normally expressed in or involved in L-R specification during tailbud stages; one issue addressed in the studies reported herein is the ability of Xnr1, specifically, to autoactivate its own expression within the LPM.
Embryological manipulations in Xenopus and mutant analyses in zebrafish and mouse have indicated that midline integrity is crucial for the development of proper L-R asymmetry Yost, 1995, 1996; Izraeli et al., 1999; Lohr et al., 1997; Melloy et al., 1998; Rebagliati et al., 1998; Sampath et al., 1998) . Analysis of mice deficient for Lefty1, a Nodal antagonist, indicated that left-sided Lefty1 expression in the prospective neural tube floor plate contributes to a midline barrier function that is proposed to prevent the wrong-sided diffusion of L-specifying signals . Observations of conjoined twins in human, frog, and chicken have led to the additional speculation that the midline may produce a R sidedirected repressive signal that inhibits L-sided gene expression in the adjacent lateral regions of the twin, since asymmetry defects are only observed in the right-sided individual (Hyatt et al., 1996; Levin et al., 1996 Levin et al., , 1997 Nascone and Mercola, 1997) . While the midline seems to play a key role in the early establishment of asymmetry, it is uncertain if, and how, the midline plays a longstanding function in ensuring that L-R asymmetry is maintained in an integrated way across the entire embryo; we address this function during the phase of transient expression of the situs-instructive Nodal signal.
The mechanism underlying the establishment of the midline barrier during L-R patterning has remained vague. As stated above, Nodal can induce endogenous Nodal expression in the LPM of early mouse embryos, which also causes subsequent induction of Lefty1 expression in the midline. It has been proposed that, in the mouse, Nodal travels from the LPM to the midline to induce midline barrier function (Yamamoto et al., 2003) .
In Xenopus, midline Xlefty expression occurs during two sequential phases of development. Xlefty expression is detected during gastrulation stages in the prospective dorsal midline tissues. This expression is maintained through early neurulation but becomes downregulated around the time of neural tube closure. Beginning at around stage 21, strong midline Xlefty expression, in a somewhat discontinuous pattern, is then reestablished in the neural floorplate and hypochord (and transiently in notochord), in a P-to-A direction. At these stages, Xnr1 is already expressed in L LPM (Branford et al., 2000; Cheng et al., 2000) . After completion of the mesendoderm inductive process, Organizer-derived Xnr signaling may be responsible for maintaining Xlefty expression in the prospective midline cells, and this early-phase midline expression may contribute midline barrier function during the period when asymmetric LPM gene expression begins to be instructed, as has been proposed by others (Danos and Yost, 1996; Lohr et al., 1997; Meno et al., 1998) .
Here, we describe studies on the initiation of Xnr1 expression in the L LPM, its spatiotemporal expression pattern and the mechanism underlying its dynamic directional shift, and its subsequent inactivation. We show results suggesting that planar tissue communication, operating independent of axial tissues, underlies the rapid anteriorward expansion of Xnr1 expression, and that this process requires intercellular Xnr1 autoactivation. We demonstrate plasticity in L-R asymmetry at relatively late stages of embryogenesis and show conservation in the mechanism that initiates midline Xlefty expression. We present data strongly supporting the idea that orthogonal Xnr1 signaling from the LPM is responsible for the second-phase induction of midline Xlefty during late neurula/tailbud stages, in agreement with the recently published data in mouse (Yamamoto et al., 2003) . Finally, we present evidence for tailbud-stage contralateral communication between the L and R LPM, via midline Xlefty, and discuss how this process may ensure that asymmetric morphogenesis occurs as a coordinated process between both sides of the embryo.
Materials and methods

Embryo manipulations and microinjections
In vitro fertilized Xenopus embryos were microinjected in 1× Steinberg's solution (SS; Kay and Peng, 1991) with 5% Ficoll, transferred at stages 9-9.5 to 0.1× SS; staging according to Nieuwkoop and Faber (1967) . Xnr1, Xlefty, or Cerberus-short (Cer-S) (Piccolo et al., 1999) were placed in pCSKA plasmids to drive expression from early gastrulation (Condie et al., 1990 ). 8-cell embryos with differential dorsal/ventral pigmentation (Nieuwkoop and Faber, 1967) were injected into the right or left four blastomeres with CsCl-purified plasmids (in water) containing either β-galactosidase (150 pg total), Xnr1 (80 pg), Xlefty (150 pg), or Cer-S (150 pg). Injections were ∼30°from the dorsal midline and ∼ 20°above/below the equatorial cell boundary. Capped LacZ RNA (1.5 ng total; mMESSAGE mMACHINE kit; Ambion) was injected alone or together with plasmids for host-donor demarcation. pCSKA-β-galactosidase (pCSKA-497) encodes a nuclear-targeted form of β-galactosidase (gift from Richard Harland, UC, Berkeley). pCSKA-Cer-S contained Cer-S protein-coding region in the pCSKA SmaI site, and pCSKA-Xnr1 and pCSKA-Xlefty were as published (Cheng et al., 2000; Sampath et al., 1997) .
Microdissections and LPM transplantation
Embryo dissections used a Gastromaster® dissector with 400, 800, or 1500 μm size square loop tips, to cut square (i.e., box-shaped) or, by tilting, Vshaped explants. Dissections and culturing were in 0.75× normal amphibian medium (NAM; Sive et al., 2000) . For LPM grafts, a square-shaped piece of donor LPM+ectoderm (∼ 200 cells total area; ∼ 12-15 cells wide) was excised; endoderm was carefully detached before transplantation. Explants were therefore somatopleure (LPM plus overlying ectoderm); they are referred to as "LPM" for simplicity because Xnr1 is only expressed within that tissue layer. In hosts, a shallow pocket of similar size, shape, and depth to the graft was prepared in the L or R flank. Engrafted embryos were healed (5 min) before transfer to fresh 0.75× NAM. Good engraftment was assured by quality of edge matching and rapid healing; only high quality embryos were maintained and analyzed. For midline extirpations, 400 μm square tips were tilted to remove a segment with a V-shaped cross-section, aiming to remove neural tube floorplate, notochord, and hypochord (e.g., see Fig. 5 ), as checked by serial histochemical analysis of post-fixed embryos (not shown).
In situ hybridization/Red-gal staining/histological analysis Whole-mount in situ hybridization was as described (Harland, 1991) with DIG-labeled Xnr1, Xlefty, and XPitx2 probes (Cheng et al., 2000; Jones et al., 1995; Ryan et al., 1998) . Red-gal (6-chloro-3-indolyl-β-D-galactoside; Research Organics) staining was a modification of standard protocols: embryos were MEMFA-fixed (1 h, room temperature), washed 3-4× in phosphate-buffered saline (PBS) containing 0.1% Triton X-100, and stained with 1.0 mg/ml Red-gal in PBS/0.1% Triton X-100, 5 mM potassium ferro/ferricyanide, 2 mM MgCl 2 (1 h, room temperature). Embryos were washed (3×, PBS), MEMFA post-fixed, and stored (−20°C, 100% methanol) until in situ hybridization. After in situ analysis, embryos were re-fixed (1 h, room temperature) in Bouin's fixative (LabChem, Inc.), dehydrated and equilibrated to Histoclear:paraplast (National Diagnostics; 1:1 ratio), and paraplast-embedded. 8-10 μm microtome sections were counterstained with a 3:1 mixture of 95% ethanol:eosin (Sigma).
Immunohistochemistry
Stages 42-45 embryos were MEMFA-fixed (2 h, room temperature) and washed 3-4× in PBS. Whole-mount immunohistochemistry (Harland, 1991) used a 1:5 dilution (in PBS, 2 mg/ml BSA, 0.1% Triton X-100) of MF20 monoclonal antibody against all sarcomeric myosin heavy chains (Bader et al., 1982) . Secondary antibody was Alexa Fluor 594-conjugated anti-mouse IgG (Molecular Probes, Eugene, OR), 1:200 dilution. Embryos were placed in PBS and immunofluorescent images recorded by an Olympus DP70 camera and Olympus BH2 microscope with appropriate filters. Images from any single experiment were post-processed identically.
Results
Anterior shifting and transient expression of Xnr1 and Xlefty in the left LPM
We previously described L-sided Xnr1 expression in Xenopus embryogenesis and noted a general anteriorward shift of expression during tailbud stages (stages 19/20-25; Lowe et al., 1996) . We characterized this pattern at higher resolution and at more stages and compared it to Xlefty, which encodes a major feedback inhibitor of Nodal/Xnr1 signaling (Fig. 1A) . After downregulation of gastrula stage Xnr1 expression (Jones et al., 1995; Lustig et al., 1996) , expression appears posteriorly in small bilateral perinotochordal domains near the chordoneural hinge. Shortly thereafter, Xnr1 is first expressed in posterior L LPM relatively close to these domains. L LPM expression subsequently undergoes a large-scale, posterior-to-anterior (P-to-A) shift. A stage of broad expression encompassing much of the embryo's flank, in both splanchnic and somatic mesoderm (Lowe et al., 1996) , is followed by an anterior/ventralward shift, and progressive P-to-A shutdown of expression, which results in the Xnr1 signal becoming restricted to a small territory just posterior to the presumptive heart anlage. This signal disappears at stages 26-27. The Xlefty expression pattern follows the dynamic Xnr1 shift, consistent with the idea that Xlefty is a direct response gene of Nodal/Xnr1 signaling (Cheng et al., 2000; Tanegashima et al., 2000) .
Requirement of posterior tissue for asymmetric activation of Xnr1 in LPM
We first readdressed the issue of whether asymmetric Xnr1 expression results from unilaterally directed positive signaling or R-side-specific inhibition, as proposed by Levin and Mercola (1998) and Lohr et al. (1997) , respectively, as discussed in Introduction. We found that two types of explants produced relevant information. The first explant type, from stage 15/16 embryos, was L or R mid-trunk LPM from the middle third of the embryo, with a dorsal limit ∼20-25 cells below the intermediate mesoderm and a ventral limit approximately one third from the embryo's keel. Neither L nor R explants of this type developed Xnr1 expression at sibling stage 24 ( Supplementary Fig. 1A ). The second explant type included the same mid-trunk region, except that it was extended posteriorly to include a region approaching the tailbud and posterior-most axial tissue (Supplementary Fig. 1B ). These explants therefore contained tissue encroaching upon the location where posterior bilateral Xnr1 expression develops at stage 17. In this case, both L and R explants expressed Xnr1, but we found L/R differences that varied with explantation stage. Stage 15/16 and stage 17 explants showed equivalently strong L and R expression when scored at sibling stage 24. Beginning at stage 18, R explants showed much less extensive and weaker Xnr1 expression than L explants, and this difference was more pronounced at stage 19 ( Supplementary Fig. 1B ). If explanted at stage 21/22, at a time when asymmetric Xnr1 expression in whole embryos is broad along the L LPM ( These data agree with the finding that removing the tailbud region encompassing the posterior bilateral Xnr1 expression from late neurula/early tailbud embryos (stage 17) led to the absence of asymmetric Xnr1, Xlefty, and (except as noted below) XPitx2 expression (Supplementary Fig. 2A ). The lack of L-sided Xnr1 and Xlefty expression was associated with a lack of axial midline Xlefty expression. Control stage 20 extirpations, done just after asymmetric Xnr1 expression has initiated in posterior L LPM, developed robust expression of all three genes, including axial midline Xlefty ( Supplementary Fig. 2B ). In addition, in batches of embryos that lacked asymmetric Xnr1 expression, a substantial proportion (representative experiment, n = 4/7) showed some L-sided XPitx2 expression that was much weaker than in sibling controls (Supplementary Fig. 2A ). This result implies that non-Nodal-signaling mechanisms can induce Lsided Pitx2 expression, as reported in some genetic situations in the mouse (Constam and Robertson, 2000a,b; Meyers and Martin, 1999; Pennekamp et al., 2002) .
The cardiac situs of posteriorly-cropped embryos was assessed at stages 43-45. In a population of embryos cropped at stage 17, heart looping was normally directed (22%), reversed (56%), or incomplete (22%) ( Supplementary Fig. 2C ). Our data are consistent with previous findings in the mouse, in which the absence of L LPM Nodal expression led to cardiac situs randomization (Brennan et al., 2002; Lowe et al., 2001; Saijoh et al., 2003) . Cardiac situs remained normal in all control stage 20-cropped embryos ( Supplementary Fig. 2C ).
Preliminary data using pharmacological inhibitors of the Nodal signaling pathway support the idea that Xnr1 signaling from the posterior tailbud is required to initiate asymmetric Xnr1 expression in L LPM. Exposure of stage 17 embryos to SB-431542, a specific inhibitor of Type 1 Activin-Like Kinase receptors (ALK-4, -5, -7), prevented L LPM Xnr1 expression at later stages, without affecting the posterior bilateral Xnr1 expression (data not shown).
Overall, we conclude from these data that an inductive process involving Nodal/TGFβ signaling activates Xnr1 expression in L LPM, with the signal emerging from the region of the posterior tailbud that is the functional equivalent of the mouse and chicken embryonic node.
Directional expansion of Xnr1 expression is independent of the axial midline
One way of generating anteriorward-propagating Xnr1 expression in the L LPM could be that a developmental timing mechanism results in progressively anterior regions of the LPM activating Xnr1 expression slightly later than posterior neighboring tissue, with the activation not requiring contact with or signals from posterior tissue. In contrast, our results suggest a rolling-wave mechanism in which progressively anterior cell fields activate Xnr1 expression after induction from Xnr1 that is produced just-posteriorly. First, simple midtrunk transection of stage 18/19 embryos, when Xnr1 expression has just begun in posterior L LPM, into anterior and posterior halves (which all developed well) prevented Xnr1 expression in anterior half-embryos (Fig. 1B) . Stage 22 transections, performed when Xnr1 expression has just shifted into the anterior half, showed robust expression in both halfembryos. Subsequently (stages 23, 25, and 27 analyzed), there was expression domain shifting in the anterior half and downregulation in both the anterior and posterior halfembryos, similar to whole embryos (not shown). This result also shows that the development of anterior L LPM expression occurs via signaling from posterior LPM tissue, and does not require orthogonal induction from the trunk axial midline. The similar results obtained when L LPM explants alone were anterior-posterior transected (Fig. 1D) show that LPM integrity is required for anteriorward-propagating Xnr1 expression (Fig. 1C) . We conclude that the directional P-to-A propagation of asymmetric Xnr1 expression requires planar tissue communication through the LPM and results from posteriorly-originated signals. 
Autoregulation controls forward expansion of Xnr1 expression in the LPM
Evidence that an intercellular "rolling-wave" of Xnr1 autoinduction occurs in the L LPM came from the finding that small LPM transplants expressing Nodal-specific inhibitors could block the shift of Xnr1 expression. CerS, the short isoform of the secreted factor Cerberus, inhibits Nodal/Xnr signaling (Agius et al., 2000; Piccolo et al., 1999) , and Xlefty was shown previously to block Xnr1 and XPitx2 expression in L LPM (Cheng et al., 2000) . Each factor was encoded from pCSKA plasmids, to drive expression after gastrulation, and injected as a mixture with lacZ RNA lineage tracer. Control grafts were from embryos injected with lacZ RNA alone, or pCSKA-497 (encoding nuclear-targeted β-galactosidase). Based upon the fate maps, 8-cell-stage donor embryos were injected to enrich delivery to LPM (Materials and methods). pCSKA-CerS or pCSKA-Xlefty LPM from stage 17 donor embryos was transplanted to a mid-trunk L-side location in stage 17 wildtype hosts ( Fig. 2A) . Engrafted embryos were cultured to stage 24/25 and analyzed for asymmetric Xnr1 expression.
Grafts expressing either inhibitor blocked the forward expansion of Xnr1 expression (Figs. 2C, D; Table 1 ). The suppression of L-sided Xnr1 expression in host embryos receiving CerS-or Xlefty-expressing LPM grafts was of two types: complete absence of Xnr1 signal, or partial suppression in which Xnr1 expression shifted up to the posterior edge of the graft, and very seldom into its posterior margin (Figs. 2C, D; Table 1 ). In CerS-grafting experiments, ∼ 75% of embryos showed complete or partial suppression. For Xlefty-expressing grafts, ∼ 73% of embryos showed no signal or anteriorly halted expression (Figs. 2C, D; Table 1 ). The proportion of embryos (∼ 20-30% overall) showing no effect on anteriorly shifting Xnr1 expression could reflect a dependence of the graft's ability to block Xnr1 autoregulation upon the level of CerS and Xlefty produced from it, very likely including problems caused by the inevitable large-scale mosaic inheritance pattern of the non-chromosomally integrated factor-producing plasmids (e.g., see embryos in Table 1 ). We conclude that once its asymmetric expression is initiated in L LPM, Nodal/Xnr1 signaling is required for the forward propagation of Xnr1 expression (Fig. 6 ).
Xnr1 induces Xnr1 in tailbud stage LPM
Although it has been demonstrated that various TGFβ-related factors (Activin, TGF-β5, and mouse Nodal), can induce robust Xnr1 expression in Xenopus embryos (Mogi et al., 2003; Toyoizumi et al., 2000 Toyoizumi et al., , 2005 , the response to Xnr1 itself has, however, not been demonstrated. As described below, our experiments go further than those previously published and, in some cases, have distinctly different findings.
Using the grafting method described above, we targeted pCSKA-Xnr1 to the L or R LPM of donor embryos, transplanted Xnr1-expressing grafts at stage 17 to a R-side mid-trunk location in wild-type hosts (Fig. 3A) , and analyzed Xnr1 expression at various stages thereafter. Host Xnr1 expression was first detected both anteriorly and posteriorly of the graft at stage 22/23 ( Fig. 3C; Table 2 ), slightly later than the time when endogenous Xnr1 expression is initiating in the posterior L LPM in normal embryos (Fig. 1A) . Because the pCSKAderived Xnr1 expression in donor embryos was strong at all stages between 12/13 and 19/20 (Fig. 3B) , the stage 17 grafts were likely already producing significant amounts of Xnr1. We therefore attribute the inability to induce earlier R-sided endogenous Xnr1 expression to either an intrinsic competence window in the LPM to respond to Xnr1, or a requirement to reach a specific (unknown) threshold of graft-derived Xnr1.
By stage 24/25, the induced R-sided Xnr1 expression had shifted substantially anterior of the graft but minimally, if at all, posteriorly. Under these conditions, the induced R-sided Xnr1 expression extended farther forward than the endogenous L LPM expression, which itself had become stalled (extended less anteriorly) in comparison with unmanipulated or βgal control embryos ( Fig. 3C ; Table 2 ). For example, while R-sided expression abutted the presumptive heart anlage, L LPM expression had extended only mid-way through the LPM ( Fig.  3C ; Table 2 ). Another outcome occasionally observed (not shown) was that endogenous L-sided Xnr1 expression, in addition to anterior stalling, was overall significantly weaker than that induced on the R side, or seen in the L LPM of control embryos (Table 2) . At stage 26/27, pCSKA-Xnr1/LPM engrafted embryos showed prolonged Xnr1 expression specifically in the anterior region of the R LPM, but Xnr1 expression was not detected around or within the graft, and there was no L-side signal ( Fig. 3C; Table 2 ). It should be noted that L-sided Xnr1 expression disappears by this stage in normal embryos. LPM grafts from the L or R side of donor embryos induced R-sided host Xnr1 expression equivalently (not shown), suggesting that the meaningful signal is the ectopic Xnr1, with no requirement for additional L LPM tissue-derived signals.
Xnr1 activates L-sided gene expression program in R LPM and inverts situs
The graft-induced Xnr1 activated a robust L-side gene expression program in the R LPM as judged by the induced expression of Xlefty and XPitx2 at stages 25 and 28, respectively (Figs. 4A, B) . Xlefty expression was strongly induced in the R LPM from the pCSKA-Xnr1 graft and, as for Xnr1, R-side LPM Xlefty expression in engrafted embryos extended more anteriorly than the endogenous L LPM expression, although we note that suppression of the level of L-sided Xlefty expression was not observed (Fig. 4A ; Table 2 ). βgal controls showed the anterior-ventral localization of Xlefty expression within L LPM that is normally observed at stage 25 (Fig. 1A) .
In the Xnr1-engrafted embryos, a strikingly high level of Xlefty expression was detected in the midline perpendicularly closest to the graft, most notably enhanced in the notochord in cleared whole-mounts ( Fig. 4A ; Table 2 ). This effect was not observed in βgal controls; midline expression was restricted primarily to the neural tube floorplate and hypochord, comparable to the expression in unmanipulated sibling stage embryos ( Fig. 4A ; Table 2 ). These results strongly suggest that the mid-trunk region R-sided LPM Xnr1 expression signals orthogonally, and over a long range, to induce midline Xlefty expression. The result is also consistent with our finding that midline Xlefty expression was lost in posteriorly cropped embryos that lack L LPM Xnr1 expression. Engraftment of Xnr1-expressing LPM into posteriorly cropped embryos was able to induce robust and anteriorly shifting Xnr1 and Xlefty expression, which was associated with the restoration of axial Xlefty expression (Supplementary Fig. 3B ).
Additionally, whereas βgal-engrafted control embryos all showed the L-sided dorsal anterior endoderm expression that is normally detected between stages 22 and 25 (Cheng et al., 2000) , R-sided Xnr1-expressing grafts inverted this expression domain to the R anterior dorsal endoderm ( Fig. 4A ; Table 2 ).
XPitx2 was expressed at relatively equal intensities on both the L and R sides of Xnr1-engrafted embryos, although a substantial proportion showed induced R-sided XPitx2 expression that had progressed more anteriorly than on the left, as noted for Xnr1 and Xlefty ( Fig. 4B; Table 2 ). Again, we infer that XPitx2 expression, induced in the R LPM by the robust and anteriorward-shifting Xnr1 expression, because of the midtrunk graft placement, had a head-start in progressing anteriorly compared to the endogenous L LPM expression. In contrast, however, to the anterior truncation observed for L-sided Xnr1 and Xlefty expression in mid-trunk R side Xnr1-engrafted embryos, there was only an incremental difference in the anterior limits of the L versus R side XPitx2 expression domains. Fig. 4C shows that while embryos receiving control grafts exhibited normal cardiac and gut situs, there was a concordant reversal of heart and gut asymmetry in all pCSKA-Xnr1/LPM engrafted embryos (Table 3 ). This result is consistent with the idea that the induced R LPM Xnr1 expression, which is stronger, reaches more anteriorly, and is longer lasting than the endogenous L-sided expression, converts the R side to a dominant "L-sided specification state", in accordance with the idea that Xnr1 is a true L-side instructive signal.
Xnr1-mediated L-R switching depends upon the Xnr1-expressing graft location
The dominant L-R inversion caused by R-sided Xnr1 grafts depended upon their A-P location. Our working hypothesis was that the mid-trunk placement caused orthogonal midline induction of high levels of Xlefty, which by long-range leftward movement preconditioned the L LPM and interfered with the autoregulation-based anteriorward propagation of L-sided Xnr1 expression (Fig. 6 ). Our prediction was that more posterior engraftment would limit the "head-start" situation and allow the L-sided Xnr1 expression to escape contralateral blocking, and to undergo a more normal anteriorward shift. In this situation, a competitive "double-left" situation might develop with respect both to Xnr1 expression and L-R morphogenesis. Fig. 5B and Supplementary Fig. 4B show that more posterior grafts indeed led to mirror-image L-and R-sided Xnr1, Xlefty, and XPitx2 expression ( Table 2) . Randomization of heart and gut looping was observed in these embryos (50% normal: 50% reversed across the group, but concordant within each embryo; Supplementary Fig. 5C , Table 3 ). We conclude that a competitive double-left situation leads to a stochastic choice of one side or the other as the dominant left.
Extirpation experiments showed that the axial midline was required for the contralateral suppressive effect on L-sided Xnr1 expression by the mid-trunk R-sided grafts (Fig. 5D , Supplementary Fig. 6B ). Xnr1-expressing grafts were placed in the mid-trunk R LPM at stage 17 and the embryos developed until stage 19/20, when approximately half of each group underwent localized midline extirpation. Xnr1 expression was then compared later (stage 24/25), when its expression has shifted Table 2 Gene expression data, R side Xnr1-engrafted embryos R-side βgal-engrafted controls showed normal L-side expression and anteriorward progression of Xnr1 (at St.24/25), Xlefty and XPitx2, respectively: n = 14/14; n = 12/12; n = 9/9. a All R-side mid-trunk Xnr1-engrafted embryos at stage 26 showed perdurant Xnr1 expression in R LPM whereas endogenous L-sided expression had disappeared.
b Ectopic midline and R side dorsal endoderm expression was also observed in 100% of engrafted embryos showing bilateral Xlefty expression (see text). c Posterior placement of R side Xnr1-graft resulted in mirror image L and R expression. Of embryos with bilateral expression, no suppression of anterior progression or intensity of L-sided expression was observed compared to the graft-induced R side expression.
d Removal of midline tissues in mid-trunk R side Xnr1-engrafted embryos led to mirror image L and R expression. relatively far forward (Fig. 1A) , between extirpated and nonextirpated Xnr1/βgal or βgal-alone-engrafted embryos, and to unmanipulated siblings. The posterior limit of the removed midline region was set approximately to the posterior graft margin. The anterior limit was just anterior of the graft's anterior margin, to take into account the forward dislocation of the graft LPM relative to the ectoderm (e.g., Fig. 2B ). Embryos with midline integrity reproduced the contralateral block on the anterior shift of L-sided Xnr1 expression (as in Figs. 3C, D) . In contrast, midline removal prevented communication between the L and R sides; extirpated embryos showed bilateral Xnr1 expression of equivalent intensity and anterior progression (Fig.  5D , Supplementary Fig. 6B ; Table 2 ). Extirpations from R-side βgal control-engrafted embryos did not affect L-sided Xnr1 expression compared to non-extirpated βgal control or unmanipulated embryos (this latter result agrees with findings that extirpating midline tissues after neural plate closure (stages 20-28) does not significantly alter cardiac situs (Danos and Yost, 1996) . The result with Xlefty was similar: anteriorward shifting was blocked on the L side without midline extirpation, but became bilaterally equivalent with extirpation (Supplementary Fig. 6B ; Table 2 ). The finding that the ability of the R-sided graft to suppress the forward propagation of Xnr1 expression within the L LPM is prevented by the local removal of a strip of midline tissue orthogonally closest to the Xnr1-expressing graft supports the idea that the relevant event is the induced high level of midline Xlefty expression (Fig. 6 ).
Discussion
Our finding that posterior inductive signals from the tailbud region of Xenopus embryos induce L-sided Xnr1 expression supports the idea that a conserved asymmetrically directed inducer emanates from the node or its functional equivalent in all vertebrate species. While studies on various Nodal and Cryptic mutants in the mouse suggest that Nodal signaling from the node is involved in initiating Nodal expression in the L LPM, there has, however, been little to no study in any vertebrate of the mechanism underlying the spreading of Nodal expression within the LPM after its initiation. Our inhibitor results suggest that Xnr1 autoregulation is a required component of the mechanism for the rapid and unidirectional anteriorward propagation of its expression domain. We also provided evidence that embryonic L-R asymmetry, determined by Xnr1 signaling activity from the LPM, remains plastic until stages that are close to the actual onset of asymmetric morphogenesis. In this latter respect, it is possible that there is no specification of definitive L or R fates, but that the earlier L-R biases only become fixed by the structurally irreversible process of asymmetric morphogenesis.
In addition to the role that the midline plays in preventing the incorrect transfer to the R side of leftness-inducing signals that are active in the left LPM, our results support the idea that, in normal embryos, Xlefty, induced orthogonally by L LPMderived Xnr1, diffuses from the midline into the R LPM and helps to prevent the spurious ectopic expression of "Lspecifying" genes. Such a process may be particularly important in suppressing the R-sided activation of genes whose expression is subject to self-amplification, such as Xnr1 (Fig. 6) . Lohr et al. (1997) proposed that L or R LPM expresses Xnr1 by default, and that R-side specific inhibition causes the Lspecific expression seen in normal embryos, while Levin and Mercola (1998) suggested that asymmetric L-specific positive induction is involved. Our results are largely consistent with, but extend the findings of, Levin and Mercola (1998) . We showed that Xnr1 expression does not develop simply as a default condition within LPM removed from the repressive influence of the midline, but that an inductive signal is asymmetrically deployed from the tailbud region, the area of nascent mesoderm formation and bilateral Xnr1 expression. These conclusions were generated from both posterior cropping and LPM explantation experiments ( Supplementary Figs. 1, 2) .
Induction of asymmetric Xnr1 expression during Xenopus embryogenesis
Studies in the mouse embryo suggest that Nodal signals originating from the node are involved in initiating Nodal expression in the L LPM. Embryos lacking node Nodal expression because of a deletion of specific cis-regulatory regions show an absence of L LPM Nodal expression (Brennan et al., 2002; Saijoh et al., 2003) . Consistent with these findings, we showed that disruption of Xnr1 signaling from the posterior tailbud, either by extirpation or pharmacological approaches, abolished L LPM Xnr1 expression. These results imply that the posterior bilateral perinotochordal Xnr1 expression domains are Fig. 4 . R-sided Xnr1 activates L-side gene expression program, midline Xlefty expression and inverts situs. (A) While stage 25 βgal control-engrafted embryos (red-gal stained) showed no Xlefty expression, robust R-sided LPM expression (red arrowhead) was induced by Xnr1 grafts. Similar to Xnr1, R-sided Xlefty expression extended farther anterior than endogenous L-side expression. Strong induction of midline Xlefty expression orthogonal to the Xnr1-expressing grafts was detected (black arrowhead). (B) XPitx2 expression was induced in R LPM of stage 28 Xnr1-engrafted host embryos (red arrowhead), not by β-gal controls. (C) All embryos receiving βgal alone R-side grafts had normal cardiac and gut situs (stages 43-45: top panels, indirect immunofluorescence, MF20 antibody; middle panels, brightfield ventral views; bottom panels, lateral views, same embryos). All Xnr1-engrafted embryos showed concordant reversal of heart and gut looping, otherwise appearing normal (bottom panels). Careful gut uncoiling showed an overall reversed chirality, but with some disruption of architecture, although it did not resemble an inverted earlier-stage gut. Because grafts healed well, and control βgal engrafted embryos had normal gut coiling, this defect is likely not associated with the surgery per se, but because R-sided expression of Xnr1, and potentially its downstream targets, was prolonged compared to endogenous L-sided expression (see Fig. 3C ). Yellow arrowheads, outflow tract; inset, diagram of heart looping; line drawings, gut tube coiling after partial unwinding. RO, right origin; LO, left origin; CCW, counterclockwise; CW, clockwise. L, left; R, right; A, anterior; P, posterior. Embryos engrafted at stage 17 in either a mid-trunk or posterior position of the R LPM were scored at stages 43-45 for heart and visceral orientation. a In cases where situs was inverted, both heart and gut situs were concordantly reversed (i.e., in one embryo both heart and gut were reversed).
functionally equivalent to the bilateral Nodal expression in the 0-7 somite-stage mouse node (Lowe et al., 1996) . In contrast to the spreading of Xnr1 expression through the L LPM, Xnr1 autoregulation is apparently not involved in maintaining the posterior bilateral tailbud expression, because it was unaffected by the Nodal receptor inhibitor SB-431542.
Dynamics of asymmetric Xnr1 expression and LPM plasticity during L-R specification Yamamoto et al. (2003) showed that Nodal-expressing LPM grafts or Nodal expression vectors could induce Nodal expression in the LPM of early somite-stage mouse embryos. Intriguingly, the electroporation of Nodal expression vectors into the R LPM caused an extensive spreading of Nodal expression along the A-P axis, although the authors did not speculate on the underlying mechanism. Based on their report, one cannot conclude that the locally electroporated vectors induced bidirectionally shifting Nodal expression, or the degree to which the expression in the LPM became expanded by the rearward movement of Nodal-expressing cells in association with the movements driving node regression. Future timecourse studies of the expansion of Nodal expression with respect to the position of the node might gain insight in this respect.
We demonstrated that Xnr1-expressing grafts caused R-sided induction of Xnr1, Xlefty, and Pitx2, which underwent the dynamic directional shift that occurs in the L side of normal embryos (we note here the substantially prolonged Xnr1 expression observed at the end phase; Fig. 3C ). Our results disagree with those of Toyoizumi et al. (2005) , who use hypodermic injection to deliver bacterially expressed and refolded mouse Nodal to the R LPM of neurula/tailbud stage Xenopus embryos. Toyoizumi et al. detected the induced expression of Xnr1 and XPitx2, but not of Xlefty, a surprising finding as Xlefty is a direct downstream target of Xnr1 signaling (Cheng et al., 2000; Tanegashima et al., 2000) . Toyoizumi et al. (2005) also concluded that mouse Nodal could not activate the autoregulatory Xnr1 expression loop in the R LPM. While their hypodermic delivery method allows easier control over the time of ligand presentation than our plasmid expression/grafting methods, our method may be advantageous in misexpressing Xnr1 itself from its normal source tissue, thereby presumably presenting this intercellular signal in a state much closer to that encountered in normal embryos.
While mid-trunk Xnr1-expressing grafts did initially induce host Xnr1 expression both posterior and anterior of the graft, the subsequently induced host Xnr1 expression shifted only anteriorly, revealing an inherent directionality within the LPM in the ability to propagate an Xnr1 autoregulated expression wave. Further work will be needed to determine if a specific repressive influence works to oppose a posteriorward Xnr1 expression wave. We speculate that anterior cues may somehow be given by the anterior movement of the graft's LPM layer relative to the overlying epidermis (e.g., Fig. 2B ), a movement of the interior germ layer that could be considered similar to that undergone by the endoderm relative to the rest of the tailbudstage embryo (Chalmers and Slack, 2000) . It is, however, not known how this displacement might orient the Xnr1 autoregulatory wave. Another possibility is that Xnr1 is somehow moved vectorially within the plane of the LPM through the anteriorly-disposed cell surfaces in association with some form of planar cell polarity.
A potential limitation of the rolling-wave Xnr1-to-Xnr1 model comes from considering the observed speed of Xnr1 expression shifting in the LPM as compared to the time required for transcription, translation, propeptide processing and secretion, ligand diffusion/transport, receptor binding and intracellular signal transduction. The time from posterior initiation of Xnr1 expression to the maximal forward progression of expression in the L LPM can be estimated at ∼ 6-8 h. Studies on TGF-β signaling have shown that peak levels of phosphorylated Smad2 are detected as soon as 0.5-1 h after ligand addition (Di Guglielmo et al., 2003; Lo and Massague, 1999) . The 8-h expression-shift-period could be sufficient if the underlying mechanism was not a long series of individual cell-to-cell signaling events along the entire LPM, but a lower number of "block steps" between broad fields of cells. While our data strongly support the idea that Xnr1 autoregulation is a required part of the anteriorward-shifting process, there may be an additional and faster tissue communication process, acting synergistically with Xnr1 autoactivation, which contributes to the rapid field-propagation.
Following the P-to-A expression shift, Xnr1 expression is progressively downregulated in the same direction. The inactivation wave may be directly connected with the induced expression of Xlefty, which mimics Xnr1 with a spatiotemporal delay, as expected for a direct target of Xnr signaling. The model arising is that Xlefty inhibits the Xnr1 autoregulatory loop and shuts off Xnr1 expression, thereby ensuring transient Nodal signaling. While delayed expression of Lefty2 with respect to Nodal was noted during gastrulation stages in the mouse embryo (Juan and Hamada, 2001 ), more precise comparative studies will be needed to determine if this relationship holds true during early somitogenesis stages.
Our results further confirm the view that unilateral Xnr1 expression is the asymmetry-instructive event that the preceding L-R biases converge towards. We have found conditions in which altering the relative level of Xnr1 expression, or the timing of its production from LPM to the organ primordia, can dominantly invert L-R anatomy. Mogi and Toyoizumi (2000, 2003) showed a rapid decline at stages 26-28 in the ability of Activin or TGFβ5 to reverse embryonic situs. Their observations support the model that it is the transient Xnr1 wave in the LPM that is the main determinant of asymmetry, because at this stage the asymmetric Xnr1 expression wave would be becoming extinguished, and asymmetric expression of downstream effectors, such as XPitx2, would be beginning in the organ primordia to drive the chiral morphogenetic program. The inability of inducers placed on the R-side to invert situs at even later stages might reflect the closing of a window of competence for LPM responsiveness. But, it is also possible, even if older R LPM were still competent to activate Xnr1 expression, that the earlier passage of a L-sided Xnr1 expression wave would have already initiated the asymmetric morphogenetic program, which would maintain a temporal advantage over any effects induced in the R LPM. Yamamoto et al. (2003) demonstrated in mouse embryos that Nodal produced in the LPM could induce midline Lefty1 expression. Using similar experimental approaches, we have recapitulated these results for the first time in another species, showing conservation in the mechanism that induces the molecular midline barrier. First, embryos without L LPM expression of Xnr1 lack midline Xlefty expression, which is restored by placing Xnr1-expressing grafts into the LPM. Second, R side Xnr1-engrafted embryos displayed a strong orthogonal induction of Xlefty expression in the axial midline, most noticeably in notochord that, although in general proximity to the graft, was relatively extensive along the A-P axis. The abnormally high midline expression of Xlefty induced by grafts placed in a mid-trunk location, which is proposed by contralateral suppression to give the R-side-induced Xnr1 expression a significant head-start compared to the endogenous L-side, was associated with a dominant and concordant reversal of cardiac and gut situs (Fig. 4C) . To our knowledge, this is the most dramatic demonstration of the induction of downstream gene expression, contralateral gene expression responses, and anatomical consequences, of long-range orthogonal Nodal signaling, which were shown by extirpation experiments to require the axial midline. For unknown reasons, the Nodal/Xnr1 loss-and gain-of-function manipulations of Toyoizumi et al. (2005) did not affect the midline expression of Xlefty, and we do not know how to explain this discrepancy by differences in our technical and/or experimental approach.
Orthogonal induction of midline Xlefty and contralateral communication in Xenopus
The observation that the R-sided Xnr1 grafts caused either an anterior truncation of L-sided Xnr1 and Xlefty expression, or caused Xnr1 expression to be both anteriorly truncated and substantially suppressed, could be related to variability in the precise A-P location of the R-side graft, or how rapidly and efficiently the Xnr1 signal was registered by the host tissue. Both variables may be hard to control with the current experimental technique. On the other hand, the expression of XPitx2 showed only an incremental anterior truncation in embryos carrying R-sided Xnr1 grafts. Analyzing stages in addition to those shown here could reveal that XPitx2 expression does shift forward faster on the R side. In addition, we have not yet determined if the L-sided Xnr1 expression, even when reduced and/or delayed compared to the R side, can still shift anteriorly to induce the anterior domain of L-sided XPitx2 expression. Another possibility is that the forward diffusion of Xnr1 along the L LPM from a completely stalled L-sided expression wave could induce the anterior XPitx2 expression.
There is substantial evidence that the L-R symmetry of the Xenopus embryo begins to be broken long before gastrulation and this L-R bias eventually becomes converted into the qualitatively different L and R gene expression programs seen during tailbud stages (Bunney et al., 2003; Levin and Mercola, 1998, 1999; Levin et al., 2002; Hyatt et al., 1996; Hyatt and Yost, 1998; . The facility with which the normally L-sided expression of Xnr1 can be activated within R LPM, by our manipulations or by others, means that there must be a mechanism(s) that ensures L-R compartmentalization. The importance of suppressing the spurious R-sided activation of the L-sided program during tailbud stages is shown by the fact that the R-sided activation of an Xnr1 expression wave has a highly significant effect on L-R asymmetry (Fig. 4C) .
With respect to this issue, previous extirpation studies in Xenopus suggested that the midline functions as a regulator of laterality only up until neurula/early tailbud stages. Extirpations were done between stages 15 and 28, but no effect was noted after stage 20, a time just around the onset of asymmetric gene expression in the LPM (Danos and Yost, 1996; Lohr et al., 1997) . We now provide evidence that the midline barrier may serve a compartmentalization function during the tailbud-stage period of asymmetric gene expression (stages 20-25), with diffusion of Xlefty from the midline conditioning R LPM against the activation of Xnr1 expression (Fig. 6) .
Future hurdles will be to understand how Xnr1, and any other asymmetrically produced factors, generate inducer gradients that change with time, and how the level of intracellular effectors (e.g., Pitx2) established from these activity gradients work to regulate asymmetric morphogenesis. In addition to the active conditioning of the R LPM against initiating the expression of L-sided genes, the long-range regulation of the level of Nodal signaling by Xlefty distributed within the tissues is an integral determinant of the activity gradient. Further challenges will be to understand how such activity gradients in some cases dictate the emergence of chiral anatomy from tissue sheets or tubes, but in others cause asymmetric regression of specific tissues, as occurs, for example, for the cardiovascular system primordia.
